ABSTRACT A study has been made of the interaction of specific anti-nitroxide (anti-spin label) lgG antibodies, Fab fragments, complement, and liposomes containing dimyristoylphosphatidylcholine, dipalmitoylphosphatidylcholine, and dipalmitoylphosphatidylcholine plus 0-50 mole % cholesterol, together with various concentrations of a head group spin-labeled phospholipid (0.5-0.01 mole % in the plane of the membrane). The spin-labeled lipid is the amide formed from the reaction of an iodoacetamide spin label, N(1-oxyl-2,2,6,6-tetramethyl4fpiperidinyliodoacetamide, with dipalmitoylphosphatidylethanolamine. We have reached two conclusions: (i) complement fixation depends on the lateral mobility of the lipid hapten at low hapten concentrations in the plane of the membrane (.<0.1 mole %) and does not depend strongly on this mobility at high hapten concentrations; (ii) cholesterol may have two distinct effects on complement fixation, one arising from an enhancement of hapten exposure to antibody binding sites and a second due to a modulation of membrane fluidity. There is much evidence to suggest that the lateral motions and distributions of membrane components may play significant and complement (9, 10). The present work provides strong evidence that the fixation of complement by liposomes containing lipid hapten spin labels and specific antibodies to spin labels depends on the lateral mobility of the hapten when the hapten concentration in the plane of the membrane is low. The present work also clarifies and extends our previous report (11) of the enhancement of complement fixation by the inclusion of cholesterol in liposomal membranes. The inclusion of cholesterol enhances antibody binding, probably by increasing hapten exposure at the membrane surface, in addition to modulating membrane fluidity.
oxyl-2,2,6,6-tetramethyl-4-piperidinyl)iodoacetamide, and L-a-dipalmitoylphosphatidylethanolamine. (1) (2) (3) (4) (5) (6) . Perhaps the most interesting question is the extent to which such motions and distributions are involved in cell surface recognition. With these broad problems in mind, we have undertaken a study of the immunochemistry of model membranes (e.g., liposomes) in which the structure, motion, distribution, and concentration of membrane haptens can be established by physical and chemical methods (7, 8) . Our studies take advantage of the discovery by Kinsky and colleagues that hapten-sensitized liposomes can be damaged by specific antibodies Abbreviations: DMPC, dimyristoylphosphatidylcholine; DPPC, dipalmitoylphosphatidylcholine; iodoacetamide spin label, N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl)iodoacetamide; Tempo, 2,2,6,6-tetramethylpiperidine-l-oxyl; PBS, 10 mM sodium phosphate-buffered saline, pH 7.3,150 mM NaCl; Tempo-choline chloride, N,N-dimethyl-N-(2',2',6',6'-tetramethyl-4'-piperidinyl-1'-oxyl)-2-hydroxyethylammonium chloride. * Present address: MRC Laboratory of Molecular Biology, University Postgraduate Medical School, Hills Road, Cambridge CB2 2QH England. t To whom correspondence should be addressed. 2977 Six hundred milligrams of the iodoace.tamide spin label (a gift of Dr. B. J. Gaffney) were dissolved in 10 ml of CHC13: MeOH (1:1, vol:vol). One milliliter of this solution was added to 100 mg of dipalmitoylphosphatidylethanolamine dissolved in CHCl3:MeOH (1:1) . Forty microliters of distilled triethylamine were added to the mixture and the reaction was allowed to proceed for 72 hr at room temperature. The mixture-was then dried under reduced pressure and showed four spots on silica gel thin-layer developed in CHCG3:MeOH:H20 65:25:4. Purification was achieved on a silica gel plate chromatograph 1 mm thick (Analtech). When CHCI3:MeOH:H20 65:25:4 was used as solvent, two bands, in addition to the front, were visible under ultraviolet light and were isolated; each was extracted twice with 200 ml of CHCl3:MeOH (1:1), dried under reduced pressure, redissolved in EtOH, dried as before, and stored in EtOH. Paramagnetic resonance spectra of the fastest running band showed the characteristic five lines of a nitroxide biradical.
The phosphate content gave 16 Amol by the method of McClare (12) . The phosphate content of the nitroxide I (the slower band) gave 32.5 ,umol. The paramagnetic resonance assay gave 31 umol, in excellent agreement.
Anti-Nitroxide Specific IgG and Fab. New Zealand rabbits were immunized as described before (7, 8) . The sera obtained were assayed qualitatively by 2,2,6,6-tetramethylpiperidine-1-oxyl (Tempo) binding (see below).
In a typical experiment, 50 ml of heat-inactivated serum, pooled from three successive bleedings, were passed through an affinity column. The affinity column matrix was prepared, in collaboration with Dr. P. Rey, from the reaction product of 4-amino-tetramethylpiperidine-1-oxyl and activated-CH Sepharose 4B. The bed, 5 ml, was washed with phosphatebuffered saline (PBS) until the effluent absorbance at 280 nm was less than 0.02. The specific antibodies were eluted with 20 ml of a 20 mM NN-dimethyl-N-(2',2',6',6'-tetramethyl-4'-piperidinyl-l'-oxyl)-2-hydroxyethylammonium (Tempocholine) chloride solution. The fraction eluted by Tempo Complement Fixation Assay. The procedure for the complement fixation studies has been described previously (8) . Some experiments were made with fresh guinea pig serum. In others the complement was purchased from Difco or from Miles. Again, controls involved mixture of lipids without hapten, or with hapten-lipids but nonspecific IgG.
Paramagnetic Resonance Spectra. The paramagnetic resonance spectra of I in all the liposomes used in the present work showed no evidence of spin exchange and dipolar broadening due to clustering. This is a critical point, since the resonance spectra of other amphiphilic labels show temperature-, concentration-, and lipid-composition-dependent clustering (P. Rey and H. M. McConnell, to be published). (1) (2) (3) (4) (5) 16 ).
RESULTS
It will be seen from the data in Fig. 2 that complement fixation falls off rapidly in a rigid membrane (DPPC at 320, below its chain-melting transition temperature, 42°, where the rate of lateral diffusion is presumably very low).
We may make a rough, order-of-magnitude estimate of the critical concentration [c*] for a rigid membrane, as follows. We assume that for complement binding (Cl activation), two IgG molecules must be bound to the membrane "next" to one another (16) (11) .] In view of the above discussion, one must clearly consider the possibility that cholesterol has at least two effects on complement fixation in liposomal membranes, one related to enhancement of hapten exposure, and one due to the effect of cholesterol on membrane fluidity, particularly in membranes where the hapten concentration is low. It is not possible to compare directly this IgG and Fab binding data, and the complement fixation data, for the specific IgG antibodies used in the present work. This follows from the facts that the IgG and Fab binding to the liposomal membranes are essentially equal to one another, whereas Fab has no inhibitory effect on complement fixation by IgG under the conditions of our experiments. Also, the reader will note that IgG and hapten concentrations effective for complement fixation in Fig. 2 are significantly lower than those given for the binding data. A sub-population of high-affinity antibodies may be responsible for much of the complement fixation reported in Fig. 2 .
The mobility-dependent complement fixation is most pronounced for hapten concentrations of the order of or less than 0.1 mole %. This corresponds to a two-dimensional hapten concentration of the order of 50,000 to 100,000 A2 per hapten. A number of monovalent haptens are present in cell membranes at concentrations of this order, for example, the Rh antigens in erythrocytes (18) . It can be anticipated that factors that affect the lateral mobility of such antigens will be reflected in a change in the susceptibility of these cells to complement-mediated lysis.
